Double-crested cormorants (Phalacrocorax auritus) exhibit highly adaptive and opportunistic foraging behavior. This flexibility in foraging and increases in population size have led to conflicts with aquaculture and recreational and commercial fishing (Duffy 1995) . Although double-crested cormorants roosting in the lower Mississippi Valley appear to have minimal negative impact on sport fisheries, they may have a significant impact on commercial aquaculture production in this region Brugger 1995, Glahn et al. 1998) . In 2003, the U.S. Fish and Wildlife Service released the Final Environmental Impact Statement on doublecrested cormorant management allowing more flexibility in control of these birds in areas where they are negatively impacting aquaculture, habitat for nesting colonial waterbirds, and other public resources (U.S. Fish and Wildlife Service 2003) . The U.S. Fish and Wildlife Service's Final Rule expands the 1998 Public Resource Depredation Order (50 CFR 21.47) to permit control of double-crested cormorants at winter roost sites in the vicinity of aquaculture facilities.
Populations of double-crested cormorants declined sharply in the 19th and early 20th centuries followed by several periods of population growth in the middle and later decades of the 20th century (Hatch 1995) . Atlantic and Interior/Great Lakes migratory populations have seen the greatest increase in breeding pairs. Between the 1970s and 1990s, double-crested cormorant populations in the Atlantic increased 4-fold to more than 96,000 pairs (Hatch 1995) . Although double-crested cormorants experienced a marked increase in population size from the 1970s to the 1990s, recent estimates suggest a reduction in the overall rate of growth (Tyson et al. 1999) .
Although most populations of double-crested cormorants are migratory, a resident population (P. auritus subsp. floridanus) estimated at 10,000-30,000 individuals occurs in Florida (Brugger 1995 , Hatch 1995 . Population estimates for Florida suggest stable resident populations of P. auritus subsp. floridanus with increasing numbers of wintering birds from migratory subpopulations (Brugger 1995) . It is unclear whether or not the resident subspecies in Florida is a genetically distinct lineage, separate from migratory populations. If genetic differentiation is sufficient, it is possible that this resident population may warrant special consideration in management and any control efforts. In addition to the population in Florida, smaller colonies of nonmigratory birds have become established in other areas of the southeastern United States (e.g., Mississippi Delta, Reinhold et al. 1998; Louisiana, Hatch and Weseloh 1999) .
Determining genetic distinctiveness of diverse populations of double-crested cormorants and the extent of gene flow are important for regional management decisions (Hatch and Weseloh 1999) . It is thought that individuals exhibit high fidelity to a colony site; although, no data exist to support this claim (Hatch and Weseloh 1999) . Reduction of populations on breeding grounds might prove more feasible than reduction of wintering birds because double-crested cormorants nest in distinct colonies that can be readily accessed. Control efforts on breeding grounds would be most effective at reducing depredation if the natal areas of wintering birds can be identified. The number of band returns is insufficient to establish a relationship between double-crested cormorant nesting colonies in the northern United States and Canada and the wintering, depredating populations in the southeastern United States. Genetic markers have been used to associate wintering dunlin (Calidris alpina) and Canada geese (Branta canadensis) with breeding populations (Pierson et al. 2000 , Wennerberg 2001 ). Sufficient genetic differentiation among breeding populations is necessary to correctly assign samples of wintering birds to their natal areas.
An analysis of variation in mitochondrial DNA (mtDNA) found no evidence of genetic differences among migratory and nonmigratory populations (Waits et al. 2003) . However, microsatellite loci are known to evolve rapidly and, thus, may reveal population structure even in the absence of mtDNA structure. For example, Goostrey et al. (1998) used highly polymorphic microsatellite markers to assess population structure and differentiation in European populations of great cormorants (P. carbo subsp. sinensis and P. carbo subsp. carbo). They detected high levels of variation both within and among populations suggesting the potential for detecting differences among populations of double-crested cormorants. Our primary objectives are to 1) characterize the genetic variation of double-crested cormorant populations at breeding sites, and 2) determine whether differences among breeding populations for microsatellite variation are sufficient to assign wintering individuals to their respective breeding grounds. These objectives may provide a clearer understanding of the link between natal areas and depredation problems on wintering grounds. We also assess genetic differentiation between migratory populations and the resident subspecies in Florida and a newly established population on Lake Millwood, Arkansas, USA. If population differentiation between migratory and resident populations is great, it may be important to ensure that control activities on the wintering migratory populations do not threaten the loss of the smaller resident populations representing genetically unique lineages.
Study Area
We obtained samples of blood or tissue from cormorant fledglings from 10 breeding sites in central and eastern North America (Chase Lake, N. D.; Spider Island, Lake Michigan; Naubinway Light Island, Lake Michigan; Little Charity Island, Lake Huron; Wallis and Birnie Rocky, Georgian Bay, Lake Huron; Scotch Bonnet Island, Lake Ontario; Little Galloo Island, Lake Ontario; Oneida Lake, N. Y.; Young Island, Lake Champlain; Penobscot Bay, Me.) and from 5 breeding sites in Arkansas and Florida (St. Martin Keys, Fla.; Lake Griffin, Fla.; Sanibel Island, Fla.; Cocoa Beach, Fla.; Lake Milwood, Ark.), representing resident populations ( Fig. 1) . Some of the breeding sites were grouped together based on geographic proximity to increase sample sizes; this resulted in 9 sample populations ( Fig. 1 ).
Methods
Sample collection was conducted in compliance with United States and Canadian permit requirements. Collaborators were instructed to collect only 1 individual per nest to minimize the chance of siblings being included in our analysis. Blood and/or tissue were maintained in cell lysis solution (Puregene, Gentra Systems, Minneapolis, Minnesota) for storage. DNA was extracted from all samples using Puregene (Gentra Systems, Minneapolis, Minnesota) DNA isolation protocol for whole blood with 7.5 M ammonium acetate for DNA precipitation and resuspension in dH 2 O. We used primers designed for microsatellite analysis of the great cormorant by Piertney et al. (1998) . They had identified primers variable in double-crested cormorants: 3 dinucleotide (PcD2, PcD5, and PcD6) and 3 tetranucleotide (PcT1, PcT3, and PcT4). We dropped 1 locus (PcD6) from our analysis because no variation was found among 100 individuals from different populations. We performed polymerase chain reaction (PCR) amplifications using a PerkinElmer (Wellesley, Massachusetts) 480 DNA Thermal Cycler in a total volume of 25 lL. We performed amplifications and microsatellite genotyping of fluorescently labeled amplification products using standard protocols provided by the manufacturer (Applied Biosystems, Foster City, California), including 1.0 lL genomic DNA sample (10-300 ng/lL), 100 lM each deoxyribonucleotide triphosphate (dNTP), 10X PCR Gold Buffer, 6.0 pmol fluorescently labeled forward primer (6-FAM or TET ABI Dyes, Applied Biosystems, Foster City, California), 5.6 pmol unlabeled forward primer, 6.0 pmol unlabeled reverse primer, and 0.6 U AmpliTaq Gold DNA polymerase.
The PCR temperature profile for primer pairs used in our analysis was 11 minutes denature at 958C followed by 40 cycles of 1-minute denature at 958C, 90 seconds at annealing temperature of 518C, 2 minutes ramp to 728C, and 10 minutes final extension at 728C. Amplified products were analyzed using GeneScan-500 (TAMRA) size standard with an ABI Prism 310 DNA Sequencer (Applied Biosystems, Foster City, California) using the program GeneScan Analysis 2.02.
Estimates of allelic richness for each population were adjusted for differences in sample size using rarefaction (Leberg 2002) . We used Friedman's test to assess whether there were significant differences in adjusted mean number of alleles between populations (Zar 1996) . We hypothesized that the recently established resident population in Arkansas may have undergone a founder event. To test this hypothesis, we used the program BOTTLENECK to assess whether all populations had experienced recent reductions in effective population sizes (Cornuet and Luikart 1996) . Under the assumption of mutation-drift equilibrium, BOTTLENECK calculates the distribution of the expected heterozygosity from the observed number of alleles and sample size. We used the Stepwise Mutation Model (SMM) output of the Wilcoxon 1-tailed test because it is most appropriate for data sets of ,30 individuals per population and ,10 microsatellite loci (Pierson et al. 2000) . We used GENEPOP 3.1 to estimate F is and F st (Raymond and Rousset 1995) . F is is a measure of deviation from HardyWeinberg equilibrium (HWE); positive values indicate that the observed heterozygosity is lower than the Hardy-Weinberg expectations. We obtained estimates of HWE with the Markov chain method following the algorithm of Guo and Thompson (1992) . We used GENEPOP to conduct Fisher's exact test for significant genic differentiation (F st ) between populations and between breeding sites within each population. The F st values, a measure of interpopulation differentiation, were estimated by a weighted analysis of variance (Weir and Cockerham 1984) . Tests of significance for pairwise comparisons of genic differentiation were adjusted according to the Bonferroni method (Rice 1989) . We used the ISOLDE program in GENEPOP to examine possible correlations between geographic distances and average estimates of F st , across loci, as expected under a model of isolation by distance (Rousset 1997) .
All samples were amplified and analyzed at least 2 times to verify the accuracy of genotyping. In populations where observed allelic frequencies deviated significantly from HWE expectations, we used the program MICROCHECKER (Oosterhout et al 2004) to test the null hypotheses that deviations from HWE expectations were due to the presence of null alleles or the Wahlund effect. Allele and genotype frequencies that were identified as affected by the presence of null alleles were adjusted according to the Brookfield I method (Oosterhout et al 2004) .
To evaluate whether individuals could be assigned to their source populations on the basis of genotype, we conducted an assignment test (Paetkau et al. 1995 (Paetkau et al. , 1997 for all populations. Because the assignment test is based on individual genotypes, only data uncorrected for the presence of null alleles were used for this analysis.
Results
We determined complete genotypes at 5 microsatellite loci (PcD2, PcD5, PcT1, PcT3, and PcT4) for 179 individuals from these 9 populations. The average number of alleles per locus was between 7.2 and 9.8 (Table 1 ). The mean number of alleles per locus, adjusted for sample size, varied between approximately 6.7 and 8.4
at each region, with Chase Lake (ND) having the highest, and Oneida Lake (OL) having the lowest. Allelic richness did not differ among populations (Friedman's test, v 2 ¼ 5.41, P . 0.05). Using BOTTLENECK, we found no evidence for recent bottlenecks in any populations (P . 0.05 for all populations).
Mean expected heterozygosity within populations ranged from 65% to 75%, and mean observed heterozygosity ranged from 51% to 60%. Four out of 5 microsatellite loci deviated significantly from HWE (Table 2) . Deviations from HWE may be due to the presence of null alleles or the combination of subpopulations with different allele frequencies in the same population (e.g., Wahlund effect). Using MICROCHECKER, 17 out of 45 single-locus analyses indicated the possible presence of null alleles (Table 3 ). The null hypothesis test (i.e., no Wahlund effect) was not rejected for any of the 45 analyses, indicating deviations from HWE were not due to combining samples from genetically differentiated subpopulations.
Tests of F st estimates indicated populations differed from one another at all 5 loci for uncorrected data and for data corrected for null alleles (Table 2) . Pairwise comparisons between populations revealed genic differentiation for 10 and 27 of 36 possible tests on uncorrected data and data corrected for null alleles, respectively (Table 4) . We found no correlation of geographic distance between populations and genetic differentiation (uncorrected P ¼ 0.336, corrected P ¼ 0.345). The assignment test resulted in ,25% of individuals being correctly assigned to their populations.
Discussion
We found statistically significant genetic differentiation among populations, although the degree of differentiation was relatively small. For the migratory populations, pairwise comparisons of genic differentiation between populations suggest a high level of genetic exchange between Chase Lake and the Great Lakes, Oneida Lake, and Lake Champlain populations. The most distinct migratory population was Penobscot Bay. Although both Interior and Penobscot Bay populations are considered the same subspecies (P. auritus subsp. auritus), these 2 populations are geographically distinct during the breeding season and overlap only in winter (Hatch 1995) . Although genic differentiation was small between Interior and Atlantic populations, this differentiation may reflect reduced gene flow between Atlantic populations and populations in the Great Lakes.
Our results also do not reveal much genic differentiation The following abbreviations were used for the 9 populations: ND, North Dakota; LM, Lake Michigan; LH, Lake Huron; LO, Lake Ontario; OL, Oneida Lake; LC, Lake Champlain; ME, Maine; FL, Central Florida; and AR, Lake Millwood, Arkansas. Table 1 . Mean number of alleles; adjusted mean number of alleles, a mean expected heterozygosity, and mean observed heterozygosity for 9 geographic populations (May 1998-Aug 2000) across 5 loci. See Figure 1 caption a Adjusted to our smallest sample size (13) for which we had at 1 population for 1 locus.
between subspecies P. auritus subsp. auritus in migratory populations and the resident subspecies P. auritus subsp. floridanus in Central Florida. We saw no evidence that the Central Florida population was any more genetically distinct than any of the migratory populations or the resident Arkansas population. The amount of genetic structure was insufficient to allow for correct assignment of individuals to their populations. We found resident populations contained few alleles that were rare or unobserved in the migratory populations. However, the resident populations were sufficiently differentiated from each other and from the migratory breeding populations, so it is likely that the dynamics of 1 resident population were largely unaffected by changes in the other populations.
The only previous genetic study on double-crested cormorant populations, focusing on mtDNA, found little genetic variation (Waits et al. 2003) . We found high levels of microsatellite variation in each population. A survey of European populations of the great cormorant reported observed heterozygosity levels between 64% and 95% using the same microsatellite loci . The populations of double-crested cormorants we examined were on the lower range of genetic variability seen in its European congener.
Deviations from HWE were largely due to the presence of null allele(s). There was little evidence supporting the presence of a Wahlund effect. We used both the uncorrected and corrected (presence of null alleles) allele frequency data in our analyses of genic differentiation. Our results did not change appreciatively, but genetic differentiation did increase slightly when null allele frequencies were included in our analysis. It is not surprising that the presence of null alleles had little effect on our study given that the distribution of null alleles across the populations is likely to be influenced by the same processes that affect observed alleles. Use of uncorrected or corrected data for the presence of null alleles did not affect our conclusions that levels of genetic differentiation and geographic isolation were low.
Management Implications
If management of double-crested cormorants necessitates selective control of depredating individuals or populations, a relatively accurate assignment of depredating individuals to their respective breeding grounds is required. However, we conclude that genetic tests to assign wintering individuals to their respective natal areas are unlikely to be informative without huge molecular data sets. Because movement is somewhat limited between the 2 resident populations and between the resident and migratory populations, we recommend that managers justify managing each resident population as a separate entity; although, there is no evidence that either contain unique phenotypes that would require special protection. a ND, North Dakota; LM, Lake Michigan; LH, Lake Huron; LO, Lake Ontario; OL, Oneida Lake; LC, Lake Champlain; ME, Maine; AR, Lake Millwood, Arkansas; FL, central Florida. a ND, North Dakota; LM, Lake Michigan; LH, Lake Huron; LO, Lake Ontario; OL, Oneida Lake; LC, Lake Champlain; ME, Maine; AR, Lake Millwood, Arkansas; FL, central Florida.
